Purpose: New evidence is available regarding the utility of the 21-gene recurrence score assay in guiding chemotherapy use for node-negative, estrogen receptor-positive breast cancer. We applied this evidence in a decision-analytic model to re-evaluate the costeffectiveness of the assay.
INTRODUCTION
The Oncotype DX 21-gene recurrence score (RS) assay (Genomic Health; Redwood City, CA) is the most widely used gene signature for guiding the treatment of patients with earlystage, estrogen receptor-positive breast cancer. Using data from two major clinical trials-National Surgical Adjuvant Breast and Bowel Project (NSABP) trials B-14 and B-20 1, 2 -the RS assay has been validated as a method for distinguishing between patients with higher and lower risks of distant recurrence, [3] [4] [5] and it has predictive validity in identifying patients who will benefit most from chemotherapy. 4, 5 Previous economic evaluations predicted cost savings with the use of gene expression assays in early-stage breast cancer. [6] [7] [8] These studies relied on normative assumptions about the use of chemotherapy on the basis of the genetic assay results. The researchers assumed that patients at low risk of recurrence (according to assay results) would forgo chemotherapy, whereas all other patients would receive chemotherapy regardless of their other clinical and tumor risk factors. Comparison groups representing "standard practice" in these studies varied. In some studies, all patients were assumed to receive chemotherapy or tamoxifen 7 ; in others, the proportions of patients receiving chemotherapy were based on older guidelines that recommended chemotherapy for more than 90% of patients. 6, 8 Since the publication of these studies, use of gene expression profiling in early-stage breast cancer has expanded to include one-third of eligible patients at some centers. 9 Nevertheless, concerns persist about the cost-effectiveness of the RS assay, 10, 11 considering that physicians routinely personalize recommendations for chemotherapy according to the patient's pathological and clinical characteristics and independently account for these factors when results of gene expression profiling are available.
Findings from two recent studies provide an opportunity to re-examine the cost-effectiveness of the RS assay. In one study, Lo et al. 12 reported a prospective, multisite study designed to evaluate treatment recommendations before and after receipt of results from the RS assay. Incorporating the results of this study in a cost-effectiveness model is important to approximate expected costs and outcomes in a real-world setting in which recommendations for chemotherapy depend not only on RS assay results, but also on other clinical and pathological risk factors (e.g., pre-assay recommendations). In the other study, Tang et al. 5 analyzed patient-level data from NSABP trials B-14 and B-20 to compare the prognostic and predictive validity of the RS assay and Adjuvant!, a decision aid that incorporates information on patients' clinical and tumor characteristics, such as age, tumor size, node involvement, and hormone and human epidermal growth factor receptor (HER-2) status, with regard to distant recurrence. Both the RS assay and Adjuvant! were strong prognostic indicators of distant recurrence; however, only the RS assay was a significant predictor of benefit from chemotherapy.
Although many physicians do not use Adjuvant! to guide treatment recommendations, the tool incorporates many of the same clinicopathologic factors that are most influential in treatment recommendations 13 and broadly agrees with recommendations from multidisciplinary teams.
14 Therefore, we sought to incorporate new evidence from Lo et al. 12 and Tang et al. 5 to re-evaluate the cost-effectiveness of a strategy in which RS assay results are available along with other clinicopathologic characteristics (i.e., the RS-guided strategy) as compared with a strategy limited to clinicopathologic characteristics (i.e., the non-RS-guided strategy) to guide the use of chemotherapy for node-negative, estrogen receptor-positive breast cancer in the United States.
MATERIALS AND METHODS

Model structure
We developed a decision-analytic model to estimate costs, survival, and quality-adjusted survival for RS-guided and non-RS-guided strategies. The model categorized patients according to the clinicopathologic characteristics in the Adjuvant! risk index using cut points reported by Tang et al. 5 (i.e., low risk, ≤5.5; intermediate risk, >5.5 and ≤11.9; and high risk, >11.9; Figure 1) . Using conditional probabilities, we further stratified patients according to previously defined RS risk groups to allow for a fair comparison by ensuring that underlying risk profiles with both treatment strategies were the same. 3, 4 The impact of the RS-guided strategy was to selectively guide the use of chemotherapy beyond the risk information conveyed by clinicopathologic characteristics. Therefore, only the probabilities corresponding to chemotherapy and hormonal therapy differed between the strategies ( Table 1) .
In the base-case analysis for the non-RS-guided strategy, we assumed that patients categorized as being at intermediate or high risk according to clinicopathologic characteristics (i.e., Adjuvant!) would receive chemotherapy followed by hormonal therapy and patients with low-risk clinicopathologic characteristics would receive hormonal therapy alone. For the RS-guided strategy, we incorporated evidence from Lo et al. 12 indicating that a physician's recommendation for chemotherapy depends Assumes that the initial recommendation in Lo et al. 12 reported as "equipoise" represents chemotherapy. We performed sensitivity analyses to evaluate the impact when "equipoise" was assumed to represent hormone therapy. Assumes that the initial recommendation in Lo et al. 12 reported as hormonal therapy corresponds to patients who would be classified as being at low clinicopathologic risk. We performed sensitivity analyses to evaluate the assumption that the initial recommendation of hormonal therapy represented patients in the low and intermediate clinicopathologic risk groups. We also performed sensitivity analyses with the assumption that treatment recommendations based on RS risk group were not conditional on the initial recommendation based on clinicopathologic risk groups (probability of chemotherapy assuming "equipoise" in Lo et al. 12 represents chemotherapy RS low risk at 13.2%, RS intermediate risk at 35 .7%, and RS high risk at 100%). Assumes that the initial recommendation in Lo et al. 12 reported as chemotherapy or "equipoise" corresponds to patients who would be classified as intermediate or high clinicopathologic risk.
e Represents the standard error of log relative risk. f Updated to 2011 values using the consumer price index for medical care.
g
Represents the 10-year cost for estrogen receptor-positive patients with distant recurrence discounted at 3%. 
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on both the patient's RS risk group and whether the physician had recommended chemotherapy based on clinicopathologic characteristics before receiving RS assay results. The treatment effect of adjuvant chemotherapy on distant recurrence was conditional on the RS risk classification. 4 After stratification by risk and treatment, hypothetical patients cycled through a Markov model representing the incidence of distant recurrence, death from breast cancer, and death from other causes (Figure 1) . 3 The cycle length was 6 months. Progression from distant recurrence to death was based on data from a Surveillance, Epidemiology, and End Results (SEER) cohort. 15 We modeled the probability of death not attributable to breast cancer using age-specific annual mortality rates for women in the United States. 16 In the base-case analysis, we assumed that patients were aged 55 years at the time of diagnosis.
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Costs and utility weights
We performed the analysis both from the US health-system perspective inclusive of all direct medical costs and from the societal perspective inclusive of all direct medical costs plus patients' time costs.
We assigned costs attributable to chemotherapy to the first cycle in the Markov model, and we assigned biannual costs of hormonal therapy beginning in the third 6-month cycle ( Table 1) . 17 For hormonal therapy, we assigned costs for tamoxifen across 5 years. We assigned medical costs associated with monitoring and follow-up for up to 10 years or until the diagnosis of distant recurrence. 18 On development of distant recurrence, we assigned attributable costs estimated from SEER-Medicare data. 19 We calculated patient time costs associated with chemotherapy from a study of the cumulative time lost from work over 3 years among women who received adjuvant chemotherapy (9.5 months) as compared with women who did not (5.4 months). 20 Time associated with distant recurrence was based on the time that patients with breast cancer spent in their last year of life receiving medical care. 21 We valued patient time on the basis of wage rates for US civilian workers. 22 To account for differential health-related quality of life, we assigned utility weights reported by Schleinitz et al., 23 representing different stages of and treatments for breast cancer.
Sensitivity analyses
To perform a probabilistic sensitivity analysis, we assigned distributions to model parameters to represent the uncertainty associated with the point estimates. As recommended for modeling second-order uncertainty, we used Dirichlet distributions to model multinomial parameters, beta distributions to model probabilities and utility weights, and normal distributions to model costs and log-transformed relative risks. 24 We applied a Monte Carlo simulation to generate 1,000 runs and identified the 25th and 975th ranks as the corresponding 95% confidence intervals (CIs).
We also performed one-way sensitivity analyses. We varied the age at diagnosis and evaluated the impact of changes to assumptions regarding treatment decisions and the target population. We also extended the time period during which b Assumes that the initial recommendation in Lo et al. 12 reported as "equipoise" represents chemotherapy. We performed sensitivity analyses to evaluate the impact when "equipoise" was assumed to represent hormone therapy. Assumes that the initial recommendation in Lo et al. 12 reported as hormonal therapy corresponds to patients who would be classified as being at low clinicopathologic risk. We performed sensitivity analyses to evaluate the assumption that the initial recommendation of hormonal therapy represented patients in the low and intermediate clinicopathologic risk groups. We also performed sensitivity analyses with the assumption that treatment recommendations based on RS risk group were not conditional on the initial recommendation based on clinicopathologic risk groups (probability of chemotherapy assuming "equipoise" in Lo et al. 12 Represents the 10-year cost for estrogen receptor-positive patients with distant recurrence discounted at 3%. patients were at risk for recurrence, varied the discount rate, applied utility weights from other sources, 25, 26 applied wages of government workers to value patient time, 22 doubled the cost assigned for chemotherapy, assigned costs for aromatase inhibitors instead of tamoxifen, and applied higher costs for distant recurrence.
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RESULTS
For an estimated 27.9% of patients, treatment recommendations changed after the incorporation of RS information. An estimated 40.4% of patients in the RS-guided strategy and 47.3% in the non-RS-guided strategy were expected to receive adjuvant chemotherapy, a 15% relative reduction ( Table 2) . During the first year, total direct medical costs in the RS-guided strategy were an estimated $11,632, as compared with $8,735 in the non-RS-guided strategy-a $2,897 increase.
Estimated rates of recurrence at 10 years were 6.8% with the RS-guided strategy and 8.9% with the non-RS guided strategy. Targeted use of chemotherapy in the RS-guided strategy was associated with expected gains of 0.19 life-years and 0.16 quality-adjusted life-years (QALYs) ( Table 3) . From a healthsystem perspective, lifetime direct medical costs were an estimated $2,692 higher with the RS-guided strategy, resulting in incremental cost-effectiveness ratios of $14,059 per life-year saved (95% CI, $6,840-$28,912) and $16,677 per QALY (95% CI, $7,613-$37,219). From a societal perspective that incorporated lower patient time costs of $950 per patient, the incremental cost-effectiveness ratios were $9,095 per life-year saved (95% CI, dominant $23,397) and $10,788 per QALY (95% CI, $6,840-$30,265). Probabilistic sensitivity analysis indicated that more than 99% of the incremental cost-effectiveness ratios generated in Monte Carlo simulations were less than $50,000 per life-year saved and per QALY (Supplementary Figure S1 online), consistent with the corresponding 95% CIs.
In sensitivity analyses, the results were relatively unaffected by changes in individual model assumptions and inputs (Table 4) . Changes to assumptions necessary to apply the findings from Lo et al. 9 on the use of chemotherapy had little impact. However, when we limited the target population to patients with intermediate-or high-risk clinical characteristics, 100% of patients in the non-RS-guided strategy were assumed to receive chemotherapy. In this scenario, there was a 37% absolute reduction in the use of chemotherapy, resulting in lower direct medical costs with the RS-guided strategy as compared with the non-RS-guided strategy ($24,857 vs. $27,121). When we assumed that all patients across clinicopathologic risk groups in the non-RS-guided strategy would receive chemotherapy, expected savings with the RS-guided strategy were $5,945 per patient from the health-system perspective and $7,526 from the societal perspective.
As expected, assigning higher costs to chemotherapy and distant recurrence improved the cost-effectiveness of the RS-guided strategy. To reach cost neutrality, costs associated with distant recurrence would have to approximate $165,000 per case from the health-system perspective or $113,000 from the societal perspective.
DISCUSSION
Our findings provide evidence regarding the economic value of the 21-gene RS assay in the setting of estrogen receptor-positive, node-negative breast cancer. In the base-case analysis, an estimated 47.3% of patients in the non-RS-guided strategy and 40.4% in the RS-guided strategy would receive adjuvant chemotherapy. This 15% reduction generated ~$1,200 in savings in direct medical costs, which offset approximately one-quarter of the cost of the RS assay ($4,075), a net increase of ~$2,900. From the patient perspective, indirect costs were ~$950 lower with the RS-guided strategy. When we combined estimated cost increases with expected gains in quality-adjusted survival with the RS-guided strategy, the incremental cost-effectiveness was ~$17,000 per QALY from the health-system perspective and $11,000 per QALY from the societal perspective.
When we modeled the non-RS-guided strategy in the basecase analysis, we assumed that none of the patients with lowrisk clinicopathologic characteristics would receive chemotherapy, consistent with recommendations for patients with Adjuvant! risk index ≤5.5. This assumption favored the non-RS-guided strategy on two accounts. First, the availability of RS information in the RS-guided strategy could only increase (from zero) the proportion of patients receiving chemotherapy. Second, among the low RS risk group, the receipt of chemotherapy led to lower quality-adjusted survival because The utility weight for chemotherapy (0.637) was based on regression model 2 published by Peasgood et al. 25 for early-stage breast cancer, which corresponded to chemotherapy with toxicity or nausea and vomiting as elicited from a standard gamble. The utility weights for hormonal therapy and remission (both 0.701) corresponded to chemotherapy over 1 year, as elicited from a standard gamble. The utility weight for distant recurrence (0.373) was based on regression model 2 for metastatic breast cancer with unspecified treatment response, as elicited from a standard gamble. of the greater hazard of distant recurrence reported for this risk group. 4 An equally important assumption for the non-RS-guided strategy was that all patients with intermediate-or high-risk clinicopathologic characteristics (i.e., Adjuvant! risk index >5.5) would receive chemotherapy. Therefore, the addition of RS information could only lead to a reduction in the use of chemotherapy for these patients, improving the costeffectiveness of the RS-guided strategy through lower chemotherapy costs.
The extent to which these two countervailing effects changed the overall number of patients receiving chemotherapy was a function of the distribution of patients across risk groups. Therefore, an important consideration is whether patients studied by Tang et al. 5 are representative of patients who receive the RS assay in practice. The proportions of patients with a low RS in NSABP B-14 (51%) and in observational studies are similar (Supplementary Table S1 online).
12,27-32 However, approximately one-quarter of patients in NSABP B-14 had a high-risk RS, a larger representation as compared with patients receiving the RS assay in practice (Supplementary Table S1 online). 12, [27] [28] [29] [30] [31] [32] This finding may be attributable to physicians having less uncertainty about the use of chemotherapy when a patient presents with several high-risk characteristics. Nevertheless, our sensitivity analyses revealed that reducing the proportion of patients in the high-risk RS group had relatively little impact on estimates of cost-effectiveness.
The study by Lo et al. 12 allowed us to model treatment recommendations in the setting of knowledge about clinicopathologic risk characteristics alone and with the addition of genetic risk information. Therefore, we believe the analysis is representative of real-world decision making. Observational studies have shown that treatment recommendations based on clinical judgment (i.e., before RS information) influence treatment recommendations after RS information is provided. 12, 28, 30 For example, among patients with intermediate RS, chemotherapy was recommended for 10% when the initial recommendation was for hormonal therapy, as compared with 62% when the initial recommendation was for chemotherapy. 12 Although our assumption that patients with low-risk clinicopathologic characteristics forgo chemotherapy while patients at higher risk receive chemotherapy in the non-RS-guided strategy is open to argument, our overall estimate of chemotherapy in 47.3% of patients is similar to rates reported for patients without RS information (e.g., 48.3%, 12 46.7%, 28 and 48.5% 30 ). Nevertheless, it is important to acknowledge the influence of assumptions about the use of chemotherapy in the non-RSguided strategy. When we assumed universal chemotherapy with the non-RS-guided strategy, use of the RS assay led to expected savings of $6,000 per patient with gains in quality-adjusted survival. When we assumed that only 50% of patients in the lowrisk group would receive chemotherapy with the non-RS-guided strategy, the RS assay led to cost savings of more than $2,200 per patient with gains in quality-adjusted survival. The ideal data source would have provided treatment recommendations stratified on the basis of Adjuvant! before and after the availability of RS information. However, we identified only one such study of 29 patients. 33 Other studies that examined cross-classification by Adjuvant! and RS did not provide information on treatment recommendations before the receipt of RS information. 31, 32 Early economic evaluations of the RS assay reported cost savings and gains in QALYs. [6] [7] [8] These studies projected greater cost savings with the RS assay than did our study because of assumptions that the use of chemotherapy without RS risk information (i.e., standard care) ranged from 92 to 100% and that the use of chemotherapy was entirely governed according to RS risk categories with 0% use in RS low-risk groups and 100% use in RS intermediate-and RS high-risk groups. 6, 7 These studies also did not model the differential treatment effects of chemotherapy across RS risk groups that were later reported by Paik et al. 4 More recent studies portraying real-world decision making had more variable results. 27, 29, 34 Our findings are consistent with a study in Israel ($10,770 per QALY) 29 and a study in Japan ($3,848 per QALY) 35 but more optimistic than a study in Canada ($63,000 per QALY in 2008 Canadian dollars), 34 although differences in costs and practice patterns limit the validity of crosscountry comparisons. 36 Our findings are less optimistic than those from a study in a US managed-care population in which cost savings and QALY gains were reported. 27 In that analysis, 50-60% of patients were expected to receive chemotherapy without RS information. With a 27% reduction in chemotherapy with the RS assay, chemotherapy was expected in about 37, 40, and 44% in the low-, intermediate, and high-risk RS groups, respectively. In our model for the RS-guided strategy, chemotherapy was used in 12, 32, and 100% of the respective RS risk groups-rates that appear to be consistent with observational studies (Supplementary Table S1 online). [30] [31] [32] 37 Another methodological difference is the cost of distant recurrence. Whereas the managed-care analysis assigned a cost of $104,000 per case, 27 we applied an estimate of ~$17,500, the difference in 10-year discounted costs between patients who experienced distant recurrence as compared with patients who did not. 19 Although this cost estimate may appear to be low, the estimate is the net of background medical costs and was developed specifically for application in cost-effectiveness analyses. 38 The estimate is not ideal because it relied on 1991-2002 SEERMedicare data and may not reflect current treatment patterns. However, our threshold analyses showed that costs associated with distant recurrence would have to surpass $165,000 to offset the cost of the RS assay.
Other limitations may also influence the real-world costeffectiveness of the RS assay. First, patients often do not follow their physicians' treatment recommendations. 12 Also, much of the variability in the results across probabilistic sensitivity analyses stemmed from the wide confidence intervals representing the impact of chemotherapy on distant recurrence in the low RS and intermediate RS groups. 4 Results from the Trial Assigning Individualized Options for Treatment (TAILORx) will provide more precise estimates of treatment effect for patients with intermediate RS. In addition, the model does not allow for direct variation of measures of the assay's diagnostic
